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A conventional gas metal arc welding (GMAW) butt-joining process has been modeled using a two-way
fully coupled, transient, thermal-mechanical finite-element procedure. To achieve two-way thermal-
mechanical coupling, the work of plastic deformation resulting from potentially high thermal stresses is
allowed to be dissipated in the form of heat, and the mechanical material model of the workpiece and the
weld is made temperature dependent. Heat losses from the deposited filler-metal are accounted for by
considering conduction to the adjoining workpieces as well as natural convection and radiation to the
surroundings. The newly constructed GMAW process model is then applied, in conjunction with the basic
material physical-metallurgy, to a prototypical high-hardness armor martensitic steel (MIL A46100). The
main outcome of this procedure is the prediction of the spatial distribution of various crystalline phases
within the weld and the heat-affected zone regions, as a function of the GMAW process parameters. The
newly developed GMAW process model is validated by comparing its predictions with available open-

literature experimental and computational data.

Keywords gas metal arc welding (GMAW), microstructure
evolution, MIL A46100, process modeling

1. Introduction

In this study, a new fully coupled finite-element-based,
process model has been developed for conventional gas metal
arc welding (GMAW). The model is subsequently combined
with basic physical-metallurgy concepts and principles of a
prototypical high-hardness armor-grade martensitic steel MIL
A46100 [Ref 1] to predict functional relationships between the
basic process parameters and the spatial distribution of the
material microstructure and properties within the weld region
(also known as the fusion zone, FZ) and the region adjacent to
the weld (the heat-affected zone, HAZ). It is argued that
availability of such a process model can be beneficial relative to
the attainment of the optimal GMAW process conditions and
the resulting weld microstructure and properties. Based on the
foregoing, the main aspects of this study are: (a) the funda-
mentals of the GMAW process, (b) expected, and typically
observed welding-induced changes in the material microstruc-
ture and properties, and (c) a survey of the previous compu-
tational efforts dealing with the GMAW process modeling and
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with the prediction of the welding-induced changes in the
material microstructure and properties. These aspects are
reviewed briefly in the remainder of this section.

1.1 The Fundamentals of GMAW

GMAW is one of the conventional fusion-welding processes
in which: (a) an electrical arc established between a continu-
ously fed filler-metal wire-shape consumable electrode and the
workpiece components to be joined is used to generate the heat
required for the filler-metal melting and (b) the welding process
zone is protected from the oxidizing/contaminating environ-
ment using an externally supplied shielding gas (or mixture of
gases) [Ref 2]. Figure 1 shows a labeled schematic of the
conventional gas metal arc butt welding process. Feeding of the
filler-metal wire is usually automated during this process, to
maintain a stable electrical arc. Control of other aspects of the
GMAW process is typically not automated, but the operator is
only required to provide/control input regarding welding-gun
positioning, guidance, and travel speed.

Briefly stated, the GMAW process has these key advantages:
(a) most of the commercially available metallic materials, in
particular steels (including stainless steels), super alloys,
aluminum alloys, etc., can be joined using this process; (b)
joints in all common orientations, e.g., horizontal, inclined,
vertical, and overhead, can be fabricated; (c) welds produced
are clean due to the use of the (externally supplied) shielding
gas; (d) comparatively high welding speeds can be achieved,
especially in the case of large-gage sections; (e) the process is
highly robust due to the short and stable character of the arc; (f)
very high (93-98%) utilization efficiency of the filler-metal
wire; and (g) GMAW is highly amenable to process automa-
tion. However, this process also has some significant short-
comings: (a) it is unsuitable for joining highly reactive/
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Fig. 1 A schematic representation of the conventional GMAW
process

oxidation-prone metallic materials; (b) if the process parameters
are not selected appropriately, major (generally undesirable)
changes in the material microstructure and properties may
result in the HAZ; (c) due to its coarse microstructure and the
potential porosity, the FZ may possess inferior material
properties relative to those found in the heat-unaffected
workpiece material; and (d) the bulky nature of the GMAW
gun renders production of small and complex welds difficult or
even infeasible.

As mentioned above, the GMAW process involves transfer
of the molten filler-metal into the gap/groove between adjoining
components. Depending on the selection of the GMAW process
parameters, metal transfer occurs in one of the following five
modes, e.g., [Ref 2]: (a) short-circuit mode In this case, transfer
occurs during repeated (50-250 times per second) short periods
(within which the electrode is in direct contact with the weld
pool and, thus, the arc is absent). To achieve this mode of
transfer, the feed rate must exceed the electrode melt rate. Due
to the relatively low overall heat input, a shallow, fast-freezing
weld puddle is produced via this mode of metal transfer. Hence,
(i) this transfer mode is generally unsuitable for joining large-
gage workpieces, (ii)) welding may be conducted in any
orientation, (iii) it can be used for sheet-metal welding, and (iv)
the tendency for weldment distortions and burn-throughs is
greatly reduced; (b) globular mode Here, metal transfer is
accomplished via large (typical size is 2-4 times the electrode
diameter) drops. Typically, the use of carbon dioxide as a
shielding gas facilitates the development of this mode of metal
transfer; (c¢) spray mode In this case, metal transfer occurs
through an axially directed spray consisting of small droplets of
the filler-metal melt. The mode is promoted by the use of high
currents which give rise to the formation of high number
density melt droplets; (d) pulsed mode This mode is promoted
by the use of high (several hundred times per second)
frequency, alternating welding voltage. The voltage cycles
about a mean value that is sufficiently high to produce a steady
arc, with metal transfer accomplished only at peak levels of the
welding voltage. In this transfer mode, the GMAW process: (i)
allows through the selection of the peak voltage and frequency,
greater control of the deposition rate, (ii) results in a reduction
in the overall lower heat input to the weldment, and (iii) is
suitable for the fabrication of welds of all common orientations;
and (e) high current density mode Here, selective combinations
of high wire/electrode feed rate, electrode length (a longer
length causes higher temperature and, in turn, filler-wire tip
melting), and shielding gas (a proper selection of the shielding
gas can increase molten-metal surface tension, promoting
droplet formation at the molten electrode-tip) are used to obtain
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a particular state of the arc which enables significantly higher
molten-metal transfer rates. Two regimes of this metal transfer
mode are generally identified: (i) the non-rotational regime,
which is observed at lower welding currents and in the presence
of helium-/carbon dioxide-rich shielding gases. This regime is
characterized by a narrower/stationary axial arc and a localized,
deeper FZ and (ii) the rotational regime, which is observed at
higher welding currents and is characterized by a wider,
helically moving rotational arc and a wider and shallower FZ.

The key parameters of the GMAW process are as follows
[Ref 2]: (a) temporal profile and mean value of the welding
current/voltage, (b) composition of the filler-metal, (c) electrode
length and diameter, (d) filler-wire feed rate, (e) electrode travel
speed, (f) composition and flow-rate of the shielding gas, (g)
workpiece material(s), and (h) geometry, size, and orientation
of the weld.

1.2 Steel-Weldment Microstructure Evolution
During the Welding Process

As stated earlier, GMAW involves the melting and transfer
of a filler metal into a gap/groove separating the components to
be joined. In addition to producing the heat required for the
filler-metal melting, the electric arc is also responsible for
electro-magnetic stirring of the molten metal within the
resulting weld pool. This process significantly affects heat
transfer within the weld pool and, in turn, temperature
distribution and thermal history of the material in the entire
weld region [Ref 3]. As the welding torch (Fig. 1) travels along
the weld line, the previously formed weld pool begins to cool
and ultimately solidifies. Upon complete solidification of the
material within the weld pool, solid material within the
solidified FZ may undergo several (material-system and thermal
history dependent) solid-state phase transformations and micro-
structure evolution/reorganization processes [Ref 4—6]. As the
FZ solidifies and cools, the material in the HAZ first
experiences heating (the extent of which is dependent on the
distance from the weld center-line) and subsequent cooling, and
this thermal history also gives rise to a number of solid-phase
transformations and microstructure evolution/reorganization
processes. Due to the aforementioned changes experienced by
the filler-metal within the FZ and the base metal within the
HAZ, it is generally found that the overall mechanical (e.g.,
strength, toughness, ductility, etc.) and environmental resistance
(e.g., corrosion resistance) properties of the weldments are
greatly affected by the welding-induced thermal histories of the
material within the FZ and the HAZ.

In this study, microstructure evolution in a GMAW butt
weld of a prototypical armor grade high-hardness martensitic
steel (MIL A46100) is investigated computationally. As pointed
out earlier, material within both the FZ and the HAZ may
undergo a series of phase transformations following deposition
of the molten filler-metal into the weld groove. Leaving out
displacive/diffusionless (e.g., bainitic, martensitic) phase trans-
formations and the diffusional phase-transformations which
produce microstructural constituents (e.g., pearlite) from aus-
tenite, as well as alloy-carbide precipitation reactions, the
material within the FZ generally undergoes the following
sequence of phase transformations: liquid — J-ferrite —
v-austenite — o-ferrite, while material within the HAZ under-
goes the following sequence of phase transformations: mar-
tensite — vy-austenite — o-ferrite  [Ref 2].  Numerous
experimental investigations [Ref 1] have established that: (a)
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the solidification process within the weld pool is responsible for
the overall quality/soundness of the weld; and (b) the material
region within the FZ or HAZ which is associated with the most
inferior (thermal-history-governed and material-system depen-
dent) mechanical properties governs the overall performance of
the weldment [Ref 7, 8]. These observations/findings have been
rationalized as the effect of the material thermal history on the
rate and the extent of various solid-state phase transformations
and microstructure evolution/reorganization processes.

As stated earlier, this study deals with the computational
investigation of the material microstructure within the FZ and
HAZ during GMAW of MIL A46100A (butt) welds. Histor-
ically, microstructure and properties of the GMAW joints have
been investigated experimentally using various real-time and
post-mortem techniques, including: (a) dilatometric measure-
ments [Ref 9] Within this technique, the progress of the
assumed/predicted phase transformations is related to dimensional
changes to the test sample; (b) spatially and time-resolved x-ray
diffraction [Ref 3] The use of this synchrotron-radiation-based
technique enables not only monitoring of the progress but also
identification of the nature of the phase transformation; and (c)
post-mortem as-welded microstructure characterization In this
case, various microscopy, diffraction, scattering, and spectros-
copy-based techniques are utilized to characterize and quantify
the as-welded microstructure. In general, this approach is of a
destructive character and requires sectioning of the weldment
and special preparation of the exposed surfaces. To infer the
progress of phase transformation during GMAW from the post-
mortem as-welded microstructure characterization results, typ-
ically detailed knowledge of the thermodynamics and kinetics
of the attendant phase transformations is required.

1.3 Existing GMAW Process Models

An overview of the public-domain literature identified a
number of efforts dealing with numerical modeling and
simulations of the GMAW process. Closer examination of
these efforts reveals that they all could be classified into three
categories of GMAW modeling/simulation approaches: (a) this
class of GMAW models focuses on heat transfer from the arc to
the stationary weld pool [Ref 10-12], while mass transfer from
the electrode to the weld pool via the process of molten metal
droplets generation and transfer is neglected; (b) within this
class of GMAW models, both heat and mass transfer aspects of
the process are analyzed [Ref 13, 14] while accounting for a
number of GMAW-specific phenomena such as (i) electrode-tip
melting, (ii) droplet formation/detachment/transfer and
impingement onto the weld pool, (iii) dynamics of the weld
pool and the interactions between the arc/plasma, and (iv)
molten-metal transfer and the weld pool surface; and (c)
GMAW models which fall into this category focus on the weld
pool heat/mass transfer and solidification processes and
subsequent solid-state microstructure phase transformations
and microstructure-evolution processes [Ref 3, 15, 16]. Typi-
cally, these GMAW models: (i) assume that the weld pool exists
from the onset of simulation and that its initial temperature and
velocity fields are known and (ii) combine the heat/mass
transfer analyses with the basic physical-metallurgy principles
to predict the evolution of microstructure during the welding
process. It should be pointed out that the GMAW model
developed in this study falls into this category of the GMAW
models.
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1.4 Main Objective

The main objective of this article is to extend the GMAW
process model which was developed in our recent work to
predict the distribution of the material microstructure in
different FZ/HAZ locations of a prototypical low-carbon steel
(AISI 1005) under a given set of welding/process parameters.
The main extension of the model will include addressing the
specifics of phase transformations and microstructural evolu-
tion/reorganization processes which are unique to the subject
material MIL A46100 armor-grade high-hardness martensitic
steel.

As mentioned earlier, the rate and extent of various phase
transformations within different weld regions is governed by the
associated thermal histories. These histories are predicted, as a
function of the process parameters, weld geometries, and filler/
base-metal thermal properties, by the GMAW process model
[Ref 16]. The results obtained from the extended GMAW
process model will be compared with available public-domain
experimental data to provide model validation/verification.

1.5 Organization of the Article

A brief overview of the basic physical-metallurgy concepts
and principles related to MIL A46100A and the associated
family of armor-grade high-hardness martensitic steels is
provided in section 2. A brief overview of the GMAW process
model developed in our recent work [Ref 16] and details
regarding its extension are provided in section 3. The key
results pertaining to the effect of GMAW process parameters on
the spatial distribution of the principal crystallographic phases
and microconstituents within the FZ and HAZ of a MIL
A46100 butt weld are presented and discussed in section 4. The
main conclusions resulting from this study are summarized in
section 5.

2. Basic Physical Metallurgy of MIL A46100

2.1 Identification

MIL A46100 is a rolled homogenous armor (RHA) plain
steel whose chemical composition, material processing, and
plate-fabrication routes as well as the resulting material-
microstructure and properties are governed by the specification
MIL STD A46100 [Ref 17]. This steel falls into the category of
air-quenchable, self-tempered, high-hardness, low-alloy mar-
tensitic steels. It is generally available in plate thicknesses up to
2 in. (50.8 mm) and is primarily intended for use in light-armor
applications. As mentioned above, plates of this material are
produced by hot rolling steel castings and during this process
material microstructure is homogenized while most of the
microstructural imperfections/defects are removed. The
as-fabricated RHA should be distinguished from the face-
hardened metallic armor, in which various hardening tech-
niques are employed to increase strength/hardness of the armor
strike-face.

2.2 Ghemical Composition

MIL A46100 has the following nominal chemical composition
expressed in weight percents: C—0.28, Mn—0.90, Si—0.53,
Cr—0.30, M0o—0.24, Ni—0.19, Ti—0.03, Cu—0.18, Al—0.02,
V—0.007, S—0.002.
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2.3 Typical Properties

In the as-received (i.e., hot-rolled) condition, MIL A46100
typically possesses the following general, mechanical, thermal,
and thermo-mechanical properties: density, p = 7850 kg/m’;
Brinell hardness, Hg = 480-540; yield strength, o, = 1000-
1100 MPa; ultimate tensile strength, UTS = 1750-1800 MPa;
uniform elongation, eyrs = 10-13%; Charpy V-notch absorbed
energy, Ucharpy-v = 25-30 J; specific heat, Cy = 440-520
J/kg-K; thermal conductivity, £ = 35-50 W/m-K; and coeffi-
cient of linear thermal expansion, oo = 11-12 x 10 ° K.

2.4 Weldability

MIL A46100 steel plates can be readily joined using conven-
tional welding techniques. Details regarding the pre-welding
treatment, welding procedure, and post-welding handling are
governed by the MIL-DTL-46100E specification. In the case of
GMAW, MIL A46100 steel plates do not need to be heated prior to
welding, while the joining surfaces must be clean and dry, and the
necessary precautions taken against hydrogen pick-up. Other
(typical) GMAW conditions as defined by the aforementioned
specification include: (a) “no gap” groove geometrical parameters:
land = 1.5 mm, included angle = 60°;, (b) number of weld
passes = 1; (c) filler wire diameter = 1.6 mm; (d) filler metal
transfer mode—spray; (e) type of shielding gas—98% A1/2% Oy; (f)
shielding gas flow rate = 1.2 m*/h; (g) gas nozzle inner diame-
ter = 12.7 mm; (h) contact-tip-to-workpiece distance = 17.5 mm;
(i) welding voltage = 27.5 V; (j) welding current = 310-315 A; (k)
wire feed speed =400-450 cm/min; (I) weld gun travel
speed = 30-35 cm/min; and (m) predicted heat input = 1626 kJ/m.

2.5 Distinct Zones of the GMAW Weld Region

A GMAW weld region typically consists of two main zones: (a)
the FZ containing mainly the solidified filler-metal and (b) the
HAZ containing the work-piece base metal which has undergone
microstructural (and, to a lesser extent, chemical composition)
changes during welding. The HAZ, in turn, can be divided into
several sub-zones which are listed (and described) below in the
ascending order of distance from the weld centerline: (i) the coarse-
grained sub-zone, which contains mainly martensite formed
during cooling from austenite with a large grain size due to its
exposure to high temperatures (within the single-phase austenite
region); (ii) the fine-grained sub-zone, which contains martensite
and bainite formed during cooling from austenite with a relatively
smaller grain size due to its exposure to lower temperatures (within
the single-phase austenite region); (iii) the so-called inter-critical
sub-zone, which has been exposed to the temperatures sufficiently
high to form austenite but not high enough to fully austenitize the
material. Consequently, this sub-zone contains both non-austenite
phases (i.e., ferrite and alloy-carbides) present at the highest
temperature to which this sub-zone was exposed and the products
ofaustenite decomposition during cooling (i.e., martensite, bainite,
ferrite); and (iv) the so-called sub-critical zone, within which the
material was never exposed to a temperature sufficiently high to
result in the formation of austenite. Consequently, the microstruc-
ture in this sub-zone consists mainly of tempered martensite (i.e., a
mixture of ferrite and carbides).

2.6 Phase Diagram

Following the standard practice, the equilibrium state of
MIL A46100 (as defined by the crystalline phases present, their
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chemical compositions and their volume fractions) at different
temperatures (and under atmospheric pressure) can be deter-
mined using the corresponding multi-component (equilibrium)
phase diagram. In this diagram, the axes are the concentrations
of all the MIL A46100 main alloying elements (i.e., C, Mn, Si,
Cr, Mo, etc.) and temperature. However, the construction of
such a multi-component phase diagram is highly impractical
due to its multi-dimensional nature. Instead, the corresponding
“quasi-binary” para-equilibrium Fe-C phase diagram is typi-
cally used. Within this two-dimensional, alloy-system-dependent
diagram, it is assumed that the concentration of each non-
carbon alloying element is the same as that in the overall
material itself. In other words, it is assumed that due to the low
diffusivity of the non-carbon alloying elements relative to that
of carbon, their partitioning between various phases does not
take place. The quasi-binary para-equilibrium phase diagram of
MIL A46100 is displayed in Fig. 2. Examination of Fig. 2
reveals that the MIL A46100 quasi-binary phase diagram is
quite similar to the true-binary Fe-C phase diagram, except that
the values of the characteristic temperatures and concentrations
have been slightly modified. This finding is consistent with the
fact that MIL A46100 is a low-alloy steel in which the chemical
composition (and, consequently, the Gibbs free energy func-
tion) of the key crystalline phases has not changed significantly
relative to that in the Fe-C binary system. In addition, volume
fractions of the additional phases not present in the Fe-C system
such as Mo,C, (Cr,Mo0),3C4 and (Ti,V)N are quite small.

As partitioning of alloying elements does take place in MIL
A46100, the quasi-binary phase diagram displayed in Fig. 2
has relatively limited utility. On the other hand, while, as
pointed out earlier, there are challenges associated with the
graphical representation of a multi-component phase diagram,
one can extract and readily display specific details contained
within the phase diagram. For example, for the steel in
question, one can compute the equilibrium volume fraction of
all the phases present at different temperatures and the
atmospheric pressure. This was done in Ref. 15 using the
materials-thermodynamics commercial software ThermoCalc
[Ref 18] and the results of this calculation are shown in
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Fig. 2 A portion of the quasi-binary para-equilibrium Fe-C phase
diagram corresponding to the non-carbon alloy additions at a level
nominally found in MIL A46100
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Fig. 3(a) and (b). Examination of Fig. 3(a) enables the
determination of the following MIL A46100 characteristic
temperatures: (a) the liquidus temperature (=1772 K) defined as
the temperature at which the volume fraction of the liquid first
begins to deviate from 100% during cooling, (b) the peritectic-
transformation temperature (=1750 K) defined as the temper-
ature at which austenite first appears during cooling, (c) the
solidus temperature (=1720 K) defined as the lowest temper-
ature at which the liquid is still present, (d) the Ac; temperature
(=1076 K) defined as the temperature at which a-ferrite first
appears during cooling, and (e) the Ac; temperature (=982 K)
defined as the temperature at which austenite vanishes during
cooling. On the other hand, examination of Fig. 3(b) reveals
that: (a) (Ti,V)(N,C) primary precipitates first appear at
temperatures slightly above the solidus temperature, due to
the associated high super-saturation of the residual liquid with
the alloying elements and their volume fraction does not change
significantly during subsequent cooling. In addition, it is seen
that cementite begins to form during cooling at a temperature in
the Acy-Ac; range while MoC forms at temperatures below Ac;.

2.7 Time-Temperature-Transformation (TTT) Diagram(s)

As mentioned earlier, during cooling of the material within
the FZ, austenite (a high-temperature y-phase with face-
centered-cubic, FCC crystal structure) undergoes transformation
into a number of low-temperature ferrite (a low-temperature
o-phase with body-centered-cubic, BCC crystal structure)-based
phases/micro-constituents. Some of these transformations are
not predicted by the phase diagram as they occur under finite
cooling-rate conditions while the phase diagram predicts the
state of the material only under extremely slow cooling
conditions. To overcome this shortcoming of the phase diagram,
additional, material-specific time-based diagrams are used. The
first diagram of this kind is the so-called TTT diagram. A series
of TTT diagrams for MIL A46100, as a function of the
maximum temperature experienced by austenite, is depicted in
Fig. 4(a) to (e). In general, diagrams of this type are constructed
experimentally by quenching the steel in question from a
temperature greater than Ac; to (and holding at) a desired
temperature below Ac; and determining the time of the onset of
austenite decomposition, the so-called incubation time. Major
advances have been made in the capabilities of the computa-
tional methods and tools used for the construction of fairly
accurate TTT diagrams. For example, the TTT diagrams
